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To the Editor,
We thank Dr Karlin-Neumann for his comments 1 on our work 2 and welcome the opportunity to provide clarification on the points raised.
We carried out a thorough review of the droplet digital PCR (ddPCR) data and the overall study. In summary, we determine that the overall conclusions of the study are valid. The reduced sensitivity and specificity of the ddPCR assay were a result of high background signals inherent with the ddPCR reagents as supplied at the time to the testing laboratory (IMGM, Munich). Notwithstanding this overall conclusion and finding, our investigation did also identify an error at IMGM laboratory (discovered on 29 October 2017), where one of the five assays used was incorrect and codon Q61 data should not have been included. Therefore, we outline corrections to the published work as detailed below.
We are confident that concerns over bias in the study are unfounded as great care was taken to ensure balanced representation of each technology in respect of data, commentary and relevant references. We also conclude that the fact the data do not show superiority of one technology over another and other limitations are clearly stated, and therefore that the concerns raised are not valid.
Please find our detailed analysis and findings in the discussion below.
Concerning the study design, we can confirm that the same amount of sample material was analysed by all of the technologies tested, that is, 50 or 100 mutant copies per test reaction, and that the input DNA sample was diluted according to the volume requirements as described in each technology section of the online supplementary methods. Further, we can confirm-as stated in our publication (page 3)-that one test per sample was permitted unless part of an established repeat testing procedure as outlined in the online supplementary methods.
For the ddPCR method, we would like to clarify that indeed 1×50 and 1×100 mutant copies per reaction were used, diluted into 9 µL DNA in a final reaction volume of 20 µL. We acknowledge that the discrepancy between our results and reported data on the Bio-Rad ddPCR assay and its performance may not be as expected. However, as discussed in the manuscript (page 8), this discrepancy may be caused by the use of cell line admixtures to mimic clinical formalin-fixed paraffin-embedded (FFPE)-derived samples and that local validation of a given assay using this sample type would be necessary.
Moreover, as stated, we did observe non-specific results, particularly in the 50 mutant copy samples. On further investigation of the data, we would attribute the unexpectedly low sensitivity for KRAS codons 12 and 13 to high background signals, which made interpretation of the blinded data difficult.
As pointed out by Dr Karlin-Neumann, a detailed description of the method applied to generate the data using the research-useonly Oncomine Focus Assay (ThermoFisher Scientific, Waltham, MA, USA) is provided in the online supplementary document, that is, stating the preparation of replicate libraries for low allele fraction clinical testing applications. Notably, the protocol that was used in this study at the ThermoFisher Scientific laboratory-acting as an independent clinical laboratory demonstrating real-world capabilities with research-use-only components-was originally developed to support testing for cell free DNA (cfDNA) and implemented as a 4 which employs the same PrimePCR assays from Bio-Rad and cites cross-reactivity of the assays with the mutant DNA species present in the assays and the need for optimisation using orthogonal methods. We would therefore consider that we reference publications that are relevant to the work conducted in our study, and that they provide a balance on the performance of the Bio-Rad PrimePCR ddPCR mutation assays in other laboratories.
Yet, we would like to highlight regarding the differences between assay and platforms, the manuscript specifically clarifies on page 8 that this study does not show or claim to show superiority of one technology over another. As outlined, this study was carried out in various clinical laboratories (contract), research organisations and in part by assay manufacturers as documented in Supplemental Methods table 1, using a broad range of established and emerging assays to display the characteristics of each. We feel strongly that the limitations of our study, that is, variability in performance across the testing platforms and assays and the fact that it is not intended to show the superiority of one technology over another, are clearly stated.
We have no concerns that regarding the highlighted examples concerning the data from the Idylla KRAS Mutation Test, Oncomine Focus Assay or UltraSEEK assay were influenced by relying on the vendors themselves to have run and analysed their own systems. In fact, 8 of the 13 technologies were run by laboratories that were not manufacturers (see table 1 in Supplemental Methods). The selection was based on the capabilities and expertise of participating laboratories (AstraZeneca, IMGM, Newgene), availability of emerging tests (eg, Illumina TruSight Tumor 15, Agena UltraSEEK) or in the case of Biocartis Idylla, the need to directly add DNA into the test workflow rather than tissue, which was performed by Biocartis, Mechelen, Belgium, since this particular utility was only available to the manufacturer.
We would like to inform that Dr Karlin-Neumann's correspondence has led to a thorough investigation regarding the conduct of the ddPCR experiments, which were carried out between July and December 2015. Importantly, the investigations discovered on 29 October 2017 by the participating third-party laboratory (IMGM, Munich) that the ddPCR experiments were performed using the incorrect PrimePCR KRAS Q61H mutation assay. In detail, the p.Q61H c.183A>C reagent had been ordered and used instead of the p.Q61H c.183A>T assay (see table 1 in the manuscript). This explains why the PrimePCR KRAS Q61H assay did not detect Q61H mutations correctly, impacting the following sections in the publication : table 3 and figure 1 legend, and related  ddPCR results as listed in the abstract and results sections  table 1 .
Consequently, a revised table 3 is given in the online supplementary file, Appendix 1. In the revised table 3A (100 mutant copies input) and 3B (50 mutant copies input), data for the p.Q61H mutation now depict 'not performed; NP' as explained in a revised footnote; there are no changes to table 3C.
With respect to other changes that are required to the published report to correct for the mistake on codon 61 ddPCR data, we can clarify: 1. For figure 1 legend: The text should explain that for the ddPCR assay, only four and not five assays were assessed, explaining that a correction is required due to the discovery of an error where the investigating laboratory used the incorrect Q61H assay for the ddPCR technology. 'Note: The therascreen KRAS RGQ PCR Kit Q61 assay does not test for Q61H; the PrimePCR ddPCR Mutation Assay was not performed for Q61H due to an error at the participating laboratory'. 2. With respect to the calculations in the abstract, the corrected sentence should now reflect a lower number of total data points (718 instead of 728) because of the removal of 5 data points for ddPCR p.Q61H mutation results for 100 mutant copies input and 5 data points for 50 mutant copies input, respectively: 'Overall 406/718 data points across all 13 technologies were identified correctly'. And 'The digital PCR assay (KRAS PrimePCR ddPCR, Bio-Rad Laboratories) identified 70% (100 copies) and 65% (50 copies) of samples correctly'. 3. Lastly, the ddPCR results section is corrected to reflect that for codon Q61H, the incorrect PrimePCR KRAS mutation assay had been used (p.Q61H c.183A>C instead of p.Q61H c.183A>T assay): 'The PrimePCR ddPCR KRAS Mutation Assays were able to identify codon 12 and 13 mutations down to 1% with the 100 copy input. However, across both admixture and wild-type control samples the assay identified the incorrect mutation in nine different mutation/allele frequency combinations (see table  3 ). When performing the p.Q61H assay, a mistake was made and the incorrect reagent, i.e. detection of c.183A>C instead of c.183A>T, was used. Therefore, table 3 and figure 1 reflect data only for codons 12 and 13'. We further agree that ddPCR would have offered an absolute quantitation result, and indeed we were planning to include this when the study was designed. However, before unblinding the plate layout and sample annotation, the participating third-party laboratory (IMGM, Munich) had observed that mutant allele frequencies (MAF%) were not consistently available for all samples, mainly due to increased background signals in the codon G12/G13 assays. Moreover, mutant allele frequencies in some of these samples had shown signals for more than one of the KRAS mutations known to be present in the materials. Therefore, it did not appear to be appropriate to represent the MAF% and it was considered of interest to display all the next-generation sequencing (NGS) technology mutant allele frequencies instead. Of note, when the ddPCR results were reanalysed after unblinding in an exploratory analysis, a high concordance with MAF% as detected by NGS assays was observed. However, as this was performed after unblinding of the identity of the samples, the experimental set-up did not allow inclusion of these data in the publication. Further, we can confirm that appropriate 'no template controls' in quadruplicates were run to assess possible contamination. The participating third-party laboratory (IMGM, Munich) also confirmed that for each wildtype and KRAS mutant assay pair, a wild-type (negative) control was included in duplicates, with thresholds of droplet clusters set manually. The fact that no samples containing fixed percentages of mutant DNA copies were available for analysis did not affect the ability to manually set the threshold to the background signal.
We appreciate that a number of publications underline the sensitivity of ddPCR technology, as outlined in the particular review mentioned by Olmedillas-López et al. 5 However, we do not believe that our results contradict the work that these laboratories and publications describe with our data. For example, we read with interest the publication by Oxnard et al 6 where excellent performance was demonstrated on clinical samples when using custom-made primer/probe mix reagents by Life Technologies for targets such as EGFR T790M, EGFR L858R, EGFR exon deletion 19, BRAF V600E and KRAS G12C (Oxnard et al Supplementary methods 1, page 2), 6 and primer and probe sets benefited from the additional specificity and additional sensitivity that Life Technologies minor groove binder probes offer. Concerning Whale et al 7 we understand that in their publication, four samples were used, which were manufactured from plasmid fragments made from synthetic cloned and purified DNA, which in our experience are preferentially amplifiable clean templates. As such, we would assume that there are also limitations to these models as they tend to be much easier to detect than corresponding amounts of non-synthetic DNA and do not typically perform in the same way as genomic DNA template. Therefore, we do not consider that the performance of the assays highlighted in these studies are relevant to the performance you would expect on the cell line models used using the PrimePCR ddPCR Mutation Assays.
In summary, our study 2 was carried out in various clinical laboratories (contract), research organisations and in part by assay manufacturers highlighting to laboratories the need for robust local validation. Further, the limitations of the study and the fact that it does not show the superiority of one technology over another are clearly ✓ MD, analysis successful, mutation detected; ✓ NMD, analysis successful, but no mutation detected (in the case of the Sentosa assay, a mutation was detected but deemed to be below the defined cut-off); ✓ WT, analysis successful, wild-type sample; ✕ NMD, analysis unsuccessful, no mutation detected; ✕ IMD, incorrect mutation detected; NA, kit does not assay codon; NP, not performed. MALDI-TOF, matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry. 
